of cell fates during development. This function is triggered by a ligand, Delta, Cambridge, Cambridge CB2 3EJ, United and is implemented by the release of the intracellular domain of Notch Kingdom. from the membrane and by its interaction with the protein Suppressor of Hairless [Su(H)] in the nucleus. There is evidence that Notch can also signal
Background
precursor-specific genes in clusters of cells, the Notch/ Delta signaling system acts to restrict their expression to As cells proliferate during development, they acquire difone or two cells within the cluster [4] [5] [6] . ferent fates that will be expressed in a variety of differentiation patterns. Most processes of cell fate assignation rely on two sequential steps, a first step that initiates specific A variety of experiments have indicated that Notch can patterns of expression of batteries of genes, and a second signal independently of Su(H) [7] [8] [9] [10] . In some instances, one whereby these patterns of gene expression are stabistudies on the development of the peripheral nervous lized and maintained. In many instances the number of system and of the mesoderm in Drosophila have revealed cells that can adopt a particular fate is larger than that the existence of a repressive signal from Notch that prein which the fate is stabilized. For example, during the cedes the activity of the inducers and appears to antagodevelopment and patterning of the mesoderm and the nize Wg signaling [7, 11] . However, although these studies indicate the existence of functional interactions between nervous system in Drosophila, specific muscle or neural the Notch and Wg signaling pathways, they do not discern precursors are selected from small groups of cells, all of the level of these interactions. which have the ability to adopt that fate [1] [2] [3] . Whereas the first event requires the activity of signals such as Hedgehog, Decapentaplegic (Dpp), and Wingless (Wg),
The wg gene encodes a member of the Wnt family of the process of refinement is mediated by a Notch receptor signaling molecules, and its signaling activity critically activity that is triggered by its ligand Delta and its nuclear requires the activities of two molecules, a cytoplasmic effector Su(H). Spatially patterned precursors arise from multifunctional protein, Disheveled (Dsh), and Armadillo interactions between these signaling systems. Whereas (Arm), a Drosophila homolog of ␤-catenin [12, 13] . In the absence of either of these molecules, Wg is not able to the patterning signals act to initiate the expression of signal. Both Wg and Dsh have been shown to bind to the which associates with the intracellular domain of Notch and activates the expression of cell fate repressors [22] [23] [24] . Notch receptor [14] [15] [16] ,c) , and as might be expected mesoderm (VM) and responds to both Wg and Dpp signalfrom Figure 2 , the extent of expression is less than in a ing [19, 20] . The expression corresponds to parasegments N,dsh mutant. 7 and 8 [17] and trails off on either side of this domain. It is also found at relatively lower levels in the developing Ubx VM B is expressed in the visceral mesoderm gastric caecae [17] (Figures 1a and 3a) .
of Notch mutant embryos
The cells expressing the reporter in N and N,dsh double In the absence of Wg signaling, the activity of the enmutant embryos do not have the appearance of the wildhancer is dramatically reduced [21] (Figure 3b ). This retype VM. To test whether they are indeed VM, we have quirement for Wg is modulated through two dTcf binding looked for coexpression of the reporter gene with a marker sites that lie upstream of a Dpp responsive site comprised for VM, FasIII [25] , in wild-type and mutant conditions. of two Mad boxes and a cAMP responsive element. [19] (shown schematically in Figure 1 ). To test a requirement for Notch signaling on the activity of this enhancer, we
In the absence of Notch, the VM is disrupted as revealed by FasIII staining. The palisade of internal FasIII staining placed Ubx VM B in embryos that lack Notch both maternally and zygotically (see Materials and methods). In wildthat defines the VM, although visible during stage 12, displays many gaps in N mutants ( [26] ; Figure 2d ). In type embryos the enhancer becomes active in stage 13 ( Figure 2c) ; however, in Notch (N) mutants, activity can later embryos, FasIII-expressing cells fail to move dorsally over the endoderm, as they do in the wild-type. Instead, often be detected at early stage 12 over a very wide domain in the VM (Figure 2d ). This premature activity of the they stay in clumps over the ventrolateral side of the midgut (Figure 2f and 3c) . Expression from the Ubx VM B enhancer is not associated with early changes in the expression of Wg or Dpp since the initial expression of these reporter colocalizes with the FasIII immunostain in the VM in the wild-type embryo and also under the various genes in the VM is normal in N mutants (see Supplementary material) and must reflect an effect of Notch signaling mutant conditions (Figure 3a -h), and this result indicates that the internal cells expressing ␤-galactosidase in N and on the enhancer. In principle, the effects of Notch on the Ubx VM B enhancer could be mediated through the N,dsh mutants are in the VM. This is also true of the Su(H) mutant embryos (Figure 4c) , in which the VM is effectors of lateral inhibition, in particular through Su(H), Enhancer elements used in this study. (a) Schematic drawing of the reporter constructs described in [19] also disrupted but to a lesser degree than in N mutant or Dpp signaling pathways [19, 20] . We have used these variants of the enhancer to identify the domains of the embryos [26] .
enhancer on which Notch is acting. The variants used and their activities are shown in Figure 1 [19, 20] . In order to exclude the possibility that some of the cells expressing the reporter gene might be endodermal, we carried out double immunofluorescence labeling with an When the Dpp responsive element is mutated (as in antibody to the endodermal marker Hindsight [27] . In Ubx VM BM2), expression from the enhancer reveals an aball cases the ␤-galactosidase accumulation driven by the solute requirement for Wg signaling since, in contrast to enhancer element occurs in cells that are external and the wild-type enhancer, there is no activity of Ubx VM BM2 directly adjacent to those of the endoderm, and no colocalin the absence of dsh (Figure 6b ). In N mutant embryos ization can be seen in endodermal cells in the wild-type Ubx VM BM2 is active (Figure 6c ), and strikingly, enhancer or mutant embryos ( Figure 5 ).
activity is also observed in N,dsh mutants ( Figure 6d ). This finding reveals that in the absence of Notch, Ubx VM BM2 These results show that the Ubx VM B enhancer is active activity no longer depends on dsh function for activation. in the VM and not in the endoderm of N and N,dsh mutant embryos and therefore that mutations in Notch do not
These results suggest that the activity of Notch that we affect its germ layer specificity.
have identified does not act through the Dpp responsive site of Ubx VM B. In light of the effects of Notch mutants known as Ubx VM B4, lacking the TcfB site ( Figure 1 ). This When both of the dTcf sites of Ubx VM B are mutated, no reporter gene expression is observed, either under wildsite has been shown to mediate Wg activation [20] , but the enhancer does contain a second dTcf site (TcfA in type conditions or any other tested mutant condition [19] , including loss of Notch function (data not shown). This Figure 1 ). Ubx VM B4 still responds to Notch (Figure 6g ,h) in the same manner as do Ubx VM B and Ubx VM BM2. This highlights an absolute requirement for at least one dTcf site in the activity of the enhancer. observation suggests that Notch could act through TcfA. Notch has no direct input on the activity of the Dpp see [20] ). In the wild type, Ubx VM L4 is active from stage responsive element. It should be noted that Ubx VM CRE 13 in scattered subepidermal cells (Figure 1c and 6i) , and is active in the endoderm and not the VM, and this result the activity disappears in a dsh mutant (Figure 6j ). These is consistent with an absolute requirement of the dTcf results show that these dTcf sites are responsive to Wg sites for the activity of the enhancer in the VM. signaling. However, in N and N,dsh mutants, the reporter gene expression is very strong and widespread ( Figure  Altogether , these results show that Notch signaling can 6k,l, respectively).
modulate the activity of the Ubx VM B enhancer variants, and they also suggest that the targets of these effects are In contrast to Ubx VM L4 activity, reporter gene expression driven by a multimerized Dpp responsive element from the dTcf binding sites. 
Targeted expression of a dominant-negative Notch
As we have discussed above, the effects of Notch on the (Figure 7b ). More significant perhaps are results confirm an involvement of Notch/Su(H) signaling the effects of targeted expression of FLN⌬cdc10 on the in the differentiation of the VM [26] , they suggest that activity of Ubx VM BM2 (Figure 7d ). In the presence of the effects of Notch on the Ubx VM B enhancer might not FLN⌬cdc10, the activity of this enhancer can be detected be implemented through the mechanism that mediates in the first chamber of the midgut (Figure 7d, arrows) , lateral inhibition. where its activity is never detected in the wild-type (compare Figures 7c,d) zled-mediated events, effective Wg signaling requires the likely to act as a repressor at Ubx VM B since the mutation of one dTcf site, although lowering the overall levels of downregulation of a Notch signaling event that might be independent of Su(H). Our experiments suggest that a activity, expands the spatial domain of activity of the enhancer [48] . Our results provide further evidence for possible target of this event is the activity of dTcf.
this repressive activity and suggest that Notch might be dTcf as a repressor involved in it. However, in contrast to results with the dTcf is a member of a family of HMG box-containing dpp enhancer, the mutation of both dTcf sites in Ubx VM B proteins that were identified as mediators of Wingless abolishes its activity [19] . This finding indicates that at signaling through combined genetic and biochemical this enhancer dTcf is also required as an activator, tostudies [20, 37, 38] . Members of the dTcf family interact gether with Arm. with Arm/ ␤-catenin to form complexes that can promote the transcription of Wnt/Wg targets in vitro and in vivo
In Drosophila, dTcf can indeed behave as a repressor and an activator through interactions with different molecules [37, 39, 40] . However, with the exception of LEF-1, Tcf family members on their own do not promote the expres- [42] [43] [44] [45] [46] . Our results raise the possibility that its activity as a repressor, through interactions with transcriptional sion of Wnt target genes, and in some instances they can even repress the expression of these targets [41] [42] [43] [44] [45] [46] . corepressors such as Groucho or CtBP, is modulated by a signaling event that depends on Notch. Wg signaling The Ubx VM B enhancer has provided a good model for the can thus lead to gene expression in two ways, by transcripanalysis of the role of dTcf in Wg signaling [20] . The tional activation through a dTcf/Arm complex or by antagoptimal activity of this enhancer requires canonical Wg onizing the repressive activities of dTcf. This dual activity signaling via Dsh, Arm, and dTcf [20, 21] , and for this of Wg signaling would explain our observations that in reason we were surprised to observe that in the absence N,dsh double mutant embryos enhancer activity, although of Notch the activity of Ubx VM B is independent of the higher than in dsh mutants, is lower than that in N mutants. Thus, in N,dsh embryos the activity of the enhancer results canonical Wg pathway. The ability of the loss of Notch function to reverse the effects of the loss of function of from a derepression (inactivation of dTcf repressor complexes) without the concomitant Arm activation mediated Wingless signaling is most clearly demonstrated in the case of the Ubx VM BM2 mutant enhancer. The activity by Dsh. Similar dual activities have been described for Hedgehog (Hh) [49, 50] and Dpp signaling [51, 52] . of this enhancer is independent of Dpp but displays an absolute requirement for Wg signaling. However, while
Notch and Wingless signaling

Ubx
VM BM2 is completely inactive in dsh mutants, it directs Our observations on Ubx VM B parallel others in which expression of a reporter in N,dsh double mutants.
Notch has been shown to antagonize Wg signaling independently of Su(H) [7, 11] , and they raise the possibility The response of Ubx VM B to the loss of Notch function, like that to Wg signaling [19] , requires the integrity of at that effective Wg signaling requires an antagonism of this repression [7, 11, 36] . Interestingly, Wg and Dsh can bind least one of the dTcf sites in the context of the full enhancer and thus raises the possibility that these sites, to Notch [14- 16, 36] , and therefore, the antagonism could be mediated by conformational changes in Notch induced and perhaps the activity of dTcf itself, are the targets of Notch. It might be that the activity of Ubx VM B is repressed at the cell surface through direct interactions between these molecules. by dTcf in a Notch-dependent manner and that to signal efficiently, Wg must antagonize this repression. In the On the basis of these observations, we suggest that in absence of Notch, this repression would not be impleDrosophila, Wg signaling operates by regulating two momented, which would lead to enhancer activity that is lecular events, (1) repression of the expression of Wg independent of Wg. This can account for the widespread targets implemented by Notch and (2) the Shaggy/GSK3-and premature activity of the enhancer as well as the dependent degradation of Arm promoted by the Axin/ diminished requirements for Wg signaling that we ob-APC complex (Figure 8 ). The regulation of both processes served in the absence of Notch.
might be linked through the activity of dTcf; the first event maintains its activity as a repressor, while the second Several observations indicate that dTcf can act as a repressor [42] [43] [44] [45] [46] , and recent results on the regulation of dpp one prevents its becoming an activator. Wg binding to Notch would modulate the repressive activity of dTcf; expression in the VM of Drosophila [47] support this possibility. The mutation of dTcf binding sites in a Wg-depenthen, through the activity of members of the Frizzled family of receptors, it would modulate the activity of Arm. dent enhancer of the dpp gene results in spatially deregulated high levels of activity of the enhancer. This finding It may be that Arm can only interact with a nonrepressor form of dTcf and that, therefore, the "effectiveness" of suggests that in this case dTcf acts, primarily, as a repressor and that one function of Wg/Arm signaling might be Wg signaling is determined by the amount of Notch signaling. A combination of antirepression and activation to promote a nonrepressed state [46, 47] . dTcf is also tor of the activity of Armadillo during development and pattern formation.
Materials and methods
Stocks
The following stocks containing the Ubx enhancer element Ubx VM B or the variations (shown in Figure 1) [30, 31] . UASSu(H)VP16 is described in [32] .
Generation of mutant embryos lacking maternal and zygotic gene product
Regulation of the activity of dTcf by interactions between Notch and Wg. dTcf is postulated to have three possible states, a repressive Mutant embryos lacking maternal and zygotic gene product were genone (dTcf R ), a weakly activating one (dTcf), and a strongly activating erated with the FLP-FRT system as described before [56, 57] . effectiveness of Arm signaling [36] . It will be important and carried the enhancer fragment.
to understand how Notch modulates Wg signaling.
Antibody labeling
Embryos were fixed and stained according to standard protocols [58] .
One difficulty with this model is the activity of the Ubx gene. Our results indicate that this activity of Notch
They were then mounted in Vecta Shield (Vector Laboratories). Specimens were examined under the confocal microscope (Leica).
antagonizes Wingless signaling and might act as a modula- 
